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Abstract 

This  paper  presents  a  comprehensive  study  of  hydrogen  production  from  sodium  borohydride  (NaBH4),  which  is  synthesized  from  sodium 
tetraborate  (Na2B4C>7)  decomposition,  for  proton  exchange  membrane  (PEM)  fuel  cells.  For  this  purpose,  Na2B4C>7  decomposition  reaction  at 
450-500  °C  under  hydrogen  atmosphere  and  NaBH4  decomposition  reaction  at  25-40  °C  under  atmospheric  pressure  are  selected  as  a  common 
temperature  range  in  practice,  and  the  inlet  molar  quantities  of  Na2B407  are  chosen  from  1  to  6  mol  with  0.5  mol  interval  as  well.  In  order  to 
form  NaBH4  solution  with  7.5  wt.%  NaBH4,  1  wt.%  NaOH,  91.5  wt.%  H20,  the  molar  quantities  of  NaBH4  are  determined.  For  a  PEM  fuel  cell 
operation,  the  required  hydrogen  production  rates  are  estimated  depending  on  60,  65,  70  and  75  g  of  catalyst  used  in  the  NaBH4  solution  at  25, 
32.5  and  40  °C,  respectively.  It  is  concluded  that  the  highest  rate  of  hydrogen  production  per  unit  area  from  NaBH4  solution  at  40  °C  is  found  to  be 
3.834  x  10~5  g  Hi  s-1  cm-2  for  75  g  catalyst.  Utilizing  80%  of  this  hydrogen  production,  the  maximum  amounts  of  power  generation  from  a  PEM 
fuel  cell  per  unit  area  at  80°C  under  5  atm  are  estimated  as  1.121  W cm'2  for  0.016cm  by  utilizing  hydrogen  from  75 g  catalyst  assisted  NaBH4 
solution  at40°C. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Energy  is  a  key  element  of  the  interactions  between  nature 
and  society  and  is  considered  a  key  input  for  economic  devel¬ 
opment  and  sustainable  future.  Environmental  issues  span  a 
continuously  growing  range  of  pollutants,  hazards  and  eco¬ 
system  degradation  factors  that  affect  areas  ranging  from  local 
through  regional  to  global.  Some  of  these  concerns  arise  from 
observable,  chronic  effects  on,  for  instance,  human  health,  while 
others  stem  from  actual  or  perceived  environmental  risks  such 
as  possible  accidental  releases  of  hazardous  materials.  Many 
environmental  issues  are  caused  by  or  relate  to  the  production, 
transformation  and  use  of  energy,  for  example,  acid  rain,  strato¬ 
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spheric  ozone  depletion  and  global  climate  change.  It  is  crystal 
clear  that  such  serious  adverse  environmental  impacts  arise  from 
the  emission  of  greenhouse  gases  when  fossil  fuels  are  burned 
and  that  these  contribute  to  global  increases  in  temperature  and 
sea-level,  with  resulting  shifts  in  food-producing  areas  and  pat¬ 
terns  of  disease,  and  species  extinction.  These  changes,  and  the 
migration  of  people  as  a  result  of  this  cause,  could  affect  peace 
and  international  security.  Furthermore,  the  major  effects  of  acid 
precipitation,  arising  from  the  SCU  and  NO*  emissions,  are  the 
increasing  incidence  of  asthma  and  other  respiratory  diseases, 
the  acidification  of  lakes,  streams  and  ground  waters,  deterio¬ 
ration  of  buildings  and  metal  structures,  and  damage  to  forests 
and  agricultural  crops. 

In  order  to  overcome  the  above  said  problems,  hydrogen 
appears  to  be  an  excellent  energy  carrier  and  can  be  produced 
from  any  source  by  using  solar,  hydro,  biomass,  wind,  geother¬ 
mal,  etc.  One  of  the  potential  ways  of  producing  hydrogen 
could  be  through  sodium  borohydride.  It  is  important  to  note 
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Nomenclature 

F 

Faraday’s  constant  (96,485  C(mol)-1) 

i 

current  density  for  PEMFC  (A  cm-2) 

*0 

exchange  current  density  (A  cm-2) 

*max 

limiting  current  density  (=2  A  cm-2) 

^catalyst 

catalyst  quantity  (g) 

fl 

number  of  electron  involved  in  PEMFC  (2.0) 

^H2,pro 

hydrogen  production  rate  from  NaBFLt  solution 
((mol)  s-1  cm-2) 

«H2,r 

reacted  hydrogen  molar  rate  in  PEMFC 
((mol)  s-1  cm-2) 

/j  b 

hydrogen  partial  pressures  (atm) 

l\h 

oxygen  partial  pressures  (atm) 

R 

universal  gas  constant  (8.314  J(mol-K)-1) 

m2 

hydrogen  production  rate  per  catalyst  (g  H2(s-g 
catalyst)-1) 

Tfc 

PEM  fuel  cell  reaction  temperature  (K) 

Wm 

membrane  thickness  of  cell  (cm) 

Xi 

molar  quantity  of  ith  component  (mol) 

V(i) 

net  output  cell  voltage  (V) 

Vrev 

reversible  cell  voltage  (V) 

Wfc 

electrical  power  generation  in  PEMFC  (W  cm-2) 

Greek  letters 

OlA 

anode  transfer  coefficients  (0.5) 

ac 

cathode  transfer  coefficients  (1.0) 

constants  of  concentration  overpotential 

^mem 

membrane  humidity 

^act 

activation  overpotential  (V) 

^conc 

concentration  overpotential  (V) 

^ohm 

ohmic  overpotential  (V) 

here  that  hydrogen  is  produced  from  the  boron  compound  but 
before  that  happens  the  boron  compound  needs  to  be  “charged” 
with  hydrogen  that  is  produced  some  other  way  (reformation, 
electrolysis,  etc.)-  Sodium  borohydride  can  be  synthesized  from 
boron  compounds  such  as  Na2B4C>7,  called  sodium  tetra  borate. 
Borohydrides  are  important  as  potential  fuels  for  fuel  cells  [1]. 
Stabilized  NaBFE  solutions  have  been  demonstrated  to  be  an 
effective  source  for  hydrogen  production.  Due  to  system  sim¬ 
plicity  (NaBH4  solution  simply  contacts  ruthenium  to  produce 
H2);  it  can  be  used  in  applications  where  H2  gas  is  used,  e.g., 
PEM  fuel  cells  [2].  Fuel  cells  are  considered  electrochemical 
energy  conversion  devices  that  convert  chemical  energy  of  fuel, 
typical  hydrogen,  directly  into  electrical  energy.  One  of  the  most 
important  fuel  cell  types  is  a  PEM  fuel  cell.  A  typical  PEM  fuel 
cell  has  efficiency  much  higher  than  the  ones  of  conventional 
combustion  engines,  and  hence  a  fuel  cell  vehicle  would  have 
higher  efficiency  [3]. 

In  the  open  literature,  very  few  studies  are  found  on 
boron-hydrogen-fuel  cell  integration.  For  example,  Kaufman 
and  Sen  [4]  and  Levy  et  al.  [5]  investigated  cobalt  and  nickel 
borides  as  catalysts  for  practical,  controlled  generation  of  H2 
from  NaBH4  solutions.  Brown  and  Brown  [6]  investigated  a 


series  of  metal  salts  and  found  that  ruthenium  (Ru)  and  rhodium 
(Rh)  salts  liberated  FL  most  rapidly  from  borohydride  solutions. 
Also,  they  found  that  Ru  had  a  lower  cost  and  generates  H2 
at  faster  rates  than  metallic  Rh.  Aiello  et  al.  [7]  synthesized 
and  tested  various  chemical  hydrides  for  use  hydrogen  storage 
for  portable  fuel  cell  applications.  Aiello  et  al.  [8]  developed 
a  method  producing  H2  from  hydrolysis  of  chemical  hydrides 
for  use  in  hand-portable  fuel  cells.  Two  type  of  the  direct  boro¬ 
hydride  fuel  cell  (DBFC)  has  reported  by  Amendola  et  al.  [9]. 
Kong  et  al.  [10]  investigated  the  feasibility  of  a  hydrogen  stor¬ 
age  system  for  alkaline  fuel  cells  using  decomposable  hydrides. 
Amendola  et  al.  [2,11]  reported  the  application  of  Ru-catalyzed 
hydrolysis  of  aqueous  NaBFLj  solution  as  hydrogen.  Kojima 
and  Haga  [12]  demonstrated  that  NaBCL  can  be  recycled  back 
to  NaBFLt  using  coke  of  methane.  Kojima  et  al.  [3]  discussed 
the  performance  testing  of  the  hydrogen  generator  using  Pt- 
LiCoCL-coated  honeycomb  monolith.  Li  et  al.  [13]  investigated 
a  fuel  cell  was  assembled  using  alkaline  borohydride  solutions 
as  the  fuel.  Krishnan  et  al.  [14]  studied  on  an  efficient  catalyst 
(PtRu-LiCoCL)  for  hydrogen  generation  from  sodium  borohy¬ 
dride  solutions. 

The  primary  purpose  of  this  paper  is  to  develop  a  new  method¬ 
ology  to  investigate  the  hydrogen  production  through  NaBFLt, 
synthesized  from  Na2B4C>7  decomposition,  for  PEM  fuel  cell. 
This  system  combines  boron-hydrogen  production  and  a  PEM 
fuel  cell-power  generation,  basically  from  boron  compounds  to 
the  electricity  production  from  PEM  fuel  cells.  We  also  model 
the  power  production  to  study  the  effects  of  the  key  parame¬ 
ters  considered  such  as  sodium  tetra  borate  quantity,  hydrogen 
production  rates  from  NaBH4  solution,  reaction  temperatures 
of  NaBFLt  decomposition,  catalyst  quantities  in  NaBFLt  solu¬ 
tion,  and  the  operating  temperature  and  pressure,  and  membrane 
thickness  of  PEM  fuel  cell. 

2.  Analysis 

In  this  analysis  section  we  consider  the  following  subsections: 
general  assumptions,  process  descriptions,  and  calculation  pro¬ 
cedures. 

2.1.  General  assumptions 

In  order  to  theoretically  investigate  hydrogen  production 
from  sodium  borohydride  (NaBFLt),  which  is  synthesized 
from  sodium  tetraborate  (Na2B407)  decomposition,  for  proton 
exchange  membrane  fuel  cell,  the  following  general  assump¬ 
tions  are  considered. 

•  In  Fig.  1,  the  reactions  in  chambers  1  and  2  are  reversible  and 
adiabatic,  referring  to  the  100%  conversion  efficiency. 

•  Sodium  tetra  borate  (Na2B4C>7)  quantities  are  chosen  from 
1  to  6  mol  on  a  0.5  mol  interval  for  sodium  tetra  borate 
(Na2B4C>7)  decomposition  reaction  in  chamber  1. 

•  The  sodium  borohydride  quantities  produced  from  the 
Na2B4C>7  decomposition  reaction  are  directly  used  in  the 
NaBH4  decomposition  reaction  to  produce  H2. 
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Fig.  1.  Process  flow  diagram  for  power  generation  from  PEM  fuel  cell  using  hydrogen  from  NaBH4  synthesized  from  Na2B4C>7  decomposition. 


•  The  reactant  temperatures  are  equal  to  the  product  temper¬ 
atures  in  the  first  reaction  because  Na2B4C>7  decomposition 
reaction  is  reversibly  conducted  at  450-500  °C. 

•  Hydrogen  production  rates  per  catalyst  at  different  tempera¬ 
tures  of  NaBH4  decomposition  reaction  are  taken  from  liter¬ 
ature  [11], 

•  The  compressing  hydrogen  in  the  cell  operating  pressures  is 
used  in  PEM  fuel  cell. 

•  The  reactant  temperatures  are  equal  to  the  product  temper¬ 
atures  because  NaBH4  decomposition  reaction  under  atmo¬ 
spheric  pressure  is  reversibly  conducted  at  25-40  °C. 

•  NaBH4  solution  is  catalyzed  by  5%  Ru  supported  on  IRA-400 
resin  [  1 1  ] .  The  catalyst  quantities  used  in  sodium  borohydride 
decomposition  reaction  are  chosen  as  60,  65,  70  and  75  g, 
respectively. 

•  The  temperatures  of  NaBFLt  decomposition  reaction  for 
hydrogen  production  are  chosen  as  25,  32.5,  and  40  °C  from 
the  literature  [11]. 

•  The  utilization  ratios  of  hydrogen  and  oxygen  in  PEM  fuel 
cell  are  taken  to  be  80  and  50%,  respectively,  because  they 
are  commonly  used  in  literature  [15]. 

•  The  PEM  fuel  cell  is  run  under  steady-state  conditions. 

•  The  cell  pressures  considered  are  3 , 4,  and  5  atm,  respectively. 

•  The  cell  operating  temperatures  are  50,  60,  70,  and  80 °C, 
and  membrane  thicknesses  are  0.016,  0.018,  and  0.020  cm, 
respectively. 

•  The  mass  flow  rate  of  the  water  used  to  humidify  the  oxygen 
and  hydrogen  streams  is  negligible  because  the  flow  rate  of 
humidification  water  is  small  and  it  is  at  near-environmental 
conditions  [  16,17]. 


2.2.  Process  description 

Considering  the  above-listed  assumptions,  the  process 
diagram  of  hydrogen  production  from  sodium  borohydride 
(NaBH4),  which  is  synthesized  from  sodium  tetraborate 
(Na2B4C>7)  decomposition,  for  PEM  fuel  cell  is  developed  as 
shown  in  Fig.  1.  Here,  sodium  borohydride  (NaBH4)  in  cham¬ 
ber  1  is  synthesized  from  the  mixture  of  sodium  tetra  borate 
(Na2B407),  quartz  (SiCH)  and  sodium  metal  (Na)  at  450-500  °C 
under  hydrogen  atmosphere.  Thus,  the  following  reaction  takes 
place  [1,18]: 

Na2B4C>7(S)  +  16Na(S)  +  7Si02(S)  +  8H2(g) 

— >  4NaBH4(s)  +  7Na2Si03(S)  +  heat  (1) 

In  this  reaction,  it  should  be  explained  how  the  chemicals 
involved  by  the  process  are  produced,  and  how  can  be  reused  or 
recycled.  Na2B4C>7  is  a  boron  compound  called  sodium  tetrab¬ 
orate  and  is  abundantly  found  in  Turkey.  Na,  metallic  sodium, 
can  be  abundantly  found  in  the  nature  and  also  produced  from 
the  chemical  reaction  of  NaCl  and  FEO  by  using  electrolysis 
technique.  SiCE  can  be  abundantly  found  all  over  the  world,  and 
used  as  a  solid  base  in  this  reaction.  H2  can  be  produced  from 
non-fossil  fuels  such  as  water,  biomass,  etc.,  by  using  renewable 
energy  sources.  Na2SiC>3  from  this  reaction  can  be  reused  as  a 
raw  material  in  glass  industry. 

For  the  NaBH4  solution  in  chamber  2,  the  NaBH4  that  is 
synthesized  from  Na2B4C>7  decomposition  is  mixed  with  water. 
After  NaBH4  solution  is  catalyzed  at  25-40  °C,  H2  gas  and 
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sodium  metaborate,  NaBC>2,  are  produced  [2,11,12,19]: 

catalyst 

NaBH4(S)  +  2H20(i)  — »  4H2(g)  +  NaBC>2(s)  +  heat  (2) 

In  this  reaction,  NaBC>2  product  from  this  reaction  can  be  recy¬ 
cled  to  produce  NaBH4  using  hydrogen  from  non-fossil  fuels 
such  as  water,  biomass,  etc. 

This  reaction  can  occur  without  a  catalyst  if  the  solution 
pH  <9.  However,  to  increase  the  shelf  life  of  NaBH4  solution 
(and  to  prevent  hydrogen  gas  from  being  slowly  produced  upon 
standing),  NaBH4  solution  is  typically  maintained  as  strongly 
alkaline  solution  by  adding  NaOH  [11].  The  key  feature  of  using 
a  catalyzed  reaction  to  produce  hydrogen  is  that  hydrogen  gener¬ 
ation  in  alkaline  (pH  >14)  NaBH4  solution  can  occur  only  when 
this  solution  contacts  the  selected  heterogeneous  catalyst.  With¬ 
out  catalyst,  strongly  alkaline  NaBH4  solution  does  not  produce 
appreciable  hydrogen. 

In  PEM  fuel  cell,  the  following  reaction  occurs  for  power 
generation: 

H2(g)  +  302(g)  H20(i)  +  heat  +  power  (3) 

Taking  into  consideration  the  conversion  ratios  in  Eqs.  (l)-(3), 
we  can  write  the  model  reactions  as  given  in  Eqs.  (4)— (6)  using 
different  unknown  coefficients  for  the  parametric  investigation. 
In  the  model  reactions,  the  values  of  x,-,  molar  quantity  of  ith 
component  (i  =  1  ...  1 1),  can  be  estimated  depending  on  the  inlet 
molar  quantities  of  Na2B4C>7  in  chamber  1  in  accordance  with 
the  main  conversion  ratios  in  Eqs.  (l)-(3).  Thus,  with  the  above 
description  and  Fig.  1 ,  the  following  model  reaction  is  conducted 
in  chamber  1  at  450-500  °C  for  NaBH4  in  solid  phase: 

xiNa2B4C>7  +  X2Na  +  X3SiC>2  +  X4H2 

— »■  X5NaBH4  +  X6Na2Si03  +  heat  (4) 

For  decomposition  ofNa2B4C>7,xi  mole  of  Na2  B4O7,  X2  mole  of 
Na,  and  X3  mole  of  SiCE  are  entered  to  the  chamber  1.  In  order 
to  generate  a  hydrogen  atmosphere  in  chamber  1,  X4  mole  of 
hydrogen  gas  that  is  supplied  from  the  renewable  energy  sources 
should  be  inserted  in  chamber  1 .  After  that,  a  strong  exothermic 
decomposition  reaction  of  Na2B407  occurs  at  about  450-500  °C 
under  hydrogen  atmosphere  in  chamber  1 .  High  amount  of  heat 
by  products  is  released  from  the  reaction  tanks  to  the  exother¬ 
mic  chemical  process.  At  the  end  of  Na2B407  decomposition 
in  chamber  1,  xj  mole  of  NaBH4(S),  and  xr,  mole  of  Na2SiC>3(S) 
are  produced.  Actually,  the  products  of  the  Na2B4C>7  decompo¬ 
sition  reaction  should  be  cooled  to  prevent  their  decomposition 
under  high  temperature.  Then,  for  NaBH4  decomposition  that  is 
the  main  process  for  hydrogen  production,  X7  mole  H2O  should 
be  entered  in  chamber  2.  NaBH4(S)  decomposition  occurs  at  25- 
40  °C  under  atmospheric  pressure  in  chamber  2  for  hydrogen 
synthesis.  Based  on  the  model  reaction  in  Eq.  (5),  some  heat  is 
then  released,  and  X9  mole  of  NaBCE,  and  x§  mole  of  H2  are 
obtained  as  products: 

catalyst 

X5NaBH4  +  X7H2O  — i  X8H2  +  X9NaB02  +  heat  (5) 

We  note  that  hydrogen  production  rate  from  NaBH4  solution 
is  directly  proportional  to  the  amount  of  catalyst.  One  clear 


advantage  of  this  method  is  that  rapid  (but  controlled)  hydrogen 
generation  can  be  achieved  at  the  ambient  temperature  without 
mechanical  compression,  addition  of  water,  acid  or  heat.  In  this 
condition,  little  hydrogen  can  be  produced  from  the  stabilized 
NaBH4  solution  without  catalyst.  Also,  the  catalytically  produc¬ 
tion  of  hydrogen  gas  from  NaBH4  solution  has  the  following 
advantages  [11]: 

•  Method  of  H2  generation  from  NaBH4  solution  is  consider¬ 
ably  safer,  more  efficient,  and  controllable  than  other  chemical 
methods. 

•  NaBH4  solutions  are  non-flammable. 

•  NaBH4  solution  is  stable  in  air  for  months. 

•  H2  generation  only  occurs  in  the  presence  of  selected  cata¬ 
lysts. 

•  The  only  other  product  in  the  gas  stream  is  water  vapor. 

•  Reaction  products  are  environmentally  safe. 

•  H2  generation  rates  are  easily  controlled. 

•  Volumetric  and  gravimetric  H2  storage  efficiencies  are  high. 

•  The  reaction  products  can  be  recycled. 

•  H2  can  be  generated  even  at  0  °C. 

As  a  comparison  with  other  means  of  producing  hydrogen 
cleanly,  it  can  be  said  that  hydrogen  production  from  boron  com¬ 
pounds  such  as  sodium  borohydride  is  more  suitable  process 
than  the  hydrogen  production  from  fossil-based  energy  sources. 
Why?  If  hydrogen  is  produced  from  fossil  fuels  such  as  oil,  nat¬ 
ural  gas,  coal,  etc.,  the  emissions  can  include  some  amount  of 
harmful  gases  such  as  dioxides  throughout  the  chemical  reac¬ 
tions  in  pyrolysis,  gasification  and  reforming  processes.  In  order 
to  remove  or  partially  reduce  the  harmful  emissions  of  hydrogen 
production  from  fossil  fuels,  a  non-fossil  fuel  sources  such  as 
water,  biomass,  sodium  borohydride,  etc.,  should  be  taken  into 
consideration.  In  this  regard,  NaBH4  that  is  synthesized  from 
boron  compounds  such  as  Na2B4C>7  is  considered  to  produce 
hydrogen  for  power  generation  via  PEM  fuel  cell.  As  under¬ 
stood  from  the  reactions  in  this  manuscript,  it  can  be  said  that 
the  emissions  of  NaBH4  decomposition  reaction  would  include 
only  hydrogen  and  NaBCE  that  do  not  have  harmful  effects  to 
the  environment. 

In  order  to  increase  the  hydrogen  production  rate,  Ru  catalyst, 
which  is  supported  on  anion  exchange  resin  beads,  is  used.  The 
hydrogen  gas,  produced  in  chamber  2  is  transported  to  PEM  fuel 
cell  after  humidification  process.  Thus,  PEM  fuel  cell  generates 
power  according  to  the  following  model  reaction: 

x8H2(g)  +  xioC>2(g)  ->  xiiH20(i,  +  power  +  heat  (6) 

2.3.  Calculation  procedure 

The  theoretical  molar  values  in  these  model  reactions  form  a 
base  for  the  investigation  of  hydrogen  production  from  sodium 
borohydride  (NaBH4),  which  is  synthesized  from  sodium  tetrab¬ 
orate  (Na2B4C>7)  decomposition,  and  the  power  generation 
through  PEM  fuel  cell.  For  this  purpose,  the  calculation  pro¬ 
cedure  can  be  summarized  as  follows  in  Fig.  2. 
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Fig.  2.  Calculation  procedure  of  power  generation  via  PEM  fuel  cell  using  hydrogen  from  NaBFLj.  that  is  synthesized  from  Na2B407  decomposition  reaction. 


Thus,  the  power  generated  by  PEM  fuel  cell  can  be  calculated  where  «H2,pro  defines  molar  hydrogen  production  ratio  from 
using  the  following  equation:  NaBH4  solution  and  can  be  defined  as 


W fc  —  V(l)  X  i  —  i  X  [ Vrev  Wact  L’ohm  L'conc] 


=  ixi  1.229  -  8.5  x  10-4(7fC  -  298.15)  +  4.3085  x  10-5  x  TFC 


ln(P02) 


x  1  ( (“A  +  “c))  ( In  <  ‘ 
V  («A«c)  J  \  nF  J 


i  X  (  I  X  ^mem  X 


~i  x  {  i  (  P\  [  t - 

.  *max 


ft 


(0.005 139A.rn.rn  -  0.00326)exp 


( 1/303  -  1 

1268  — - 

V  rFC 


i  i  -i 


(7) 


where  V(i)  is  net  output  cell  voltage;  Vrev=E  reversible  cell 
voltage  [20,21];  uacc,  v0hm,  and  uCOnc,  the  activation  [22],  ohmic 
[22],  and  concentration  [23]  overpotentials,  respectively.  Fur¬ 
thermore,  Tpc  is  PEM  fuel  cell  reaction  temperature;  fmem ,  mem¬ 
brane  thickness;  R,  universal  gas  constant;  F,  Faraday’s  constant; 
72,  number  of  electron  involved  [22] ;  iQ,  exchange  current  density 
[24];  i max,  limiting  current  density  (2  A  cm-2);  kmem,  membrane 
water  content  [25];  p\\2  and  po2,  hydrogen  and  oxygen  partial 
pressures;  a,\  and  uq,  anode  and  cathode  transfer  coefficients 
[26],  respectively;  P\  and  [h,  constants  of  concentration  over¬ 
potential  [23].  is  equal  to  2  and  the  detailed  information  on 
Pi  constant  is  presented  in  literature  [23]. 

Here,  the  current  density  (i)  can  be  estimated  as 

i  =  272H2,r  x  F  (8) 

where,  /;||2.r,  molar  utilization  ratio  of  hydrogen  reacted  in  fuel 
cell,  EFaraday ’s  constant.  In  this  study,  it  is  considered  that  PEM 
fuel  cell  is  directly  fed  with  hydrogen  from  NaBH4  solution,  and 
80%  of  hydrogen  is  utilized  in  the  cell  [15]. 

Thus,  the  molar  utilization  ratio  of  hydrogen  reacted  in  the 
fuel  cell  can  be  estimated  as 

h ll;,. r  —  0.8  X  72{j2,pro  (9) 


hHo.pro  —  H i,  X  772catalyst  (10) 

where  rn,  explains  hydrogen  production  ratio  per  catalyst  at 
different  reaction  temperatures;  /^catalyst  catalyst  quantity.  The 
values  of  n  p  based  on  the  reaction  temperatures  of  NaBH4  solu¬ 
tion  are  taken  from  the  literature  [11],  which  are  5.28  x  10-4  g 
H2  (s-g  catalyst)-1  for  25  °C;  8.46  x  10-4  g  H2  (s-g  catalyst)-1 
for  32.5  °C,  and  15.34  x  10-4g  H2  (s-g  catalyst)-1  for  40  °C, 
respectively. 

For  parametric  investigation,  the  foremost  values  in  Table  1 
are  taken  into  account. 

3.  Results  and  discussion 

In  this  paper,  a  study  is  conducted  to  investigate  hydrogen 
production  from  sodium  borohydride  (NaBHH,  which  is  syn¬ 
thesized  from  sodium  tetraborate  (Na2B40y)  decomposition, 
for  PEM  fuel  cell.  Assuming  100%  conversion  efficiency  of  the 
reactions,  the  variations  in  Figs.  3-8  are  analyzed  and  discussed 
in  detail. 

Fig.  3  illustrates  the  variations  of  the  required  reactant  quanti¬ 
ties  in  chamber  1  for  NaBH4  production  from  Na2B407  decom¬ 
position  reaction.  The  required  reactant  quantities  for  NaBH4 
production  in  chamber  1,  Eqs.  (1)  and  (4),  are  taken  into  con¬ 
sideration.  As  shown  in  Fig.  3,  assuming  100%  conversion 
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Table  1 

Theoretical  values  of  the  coefficients  in  the  model  reactions 


x\  (mol) 

*2  (mol) 

X2,  (mol) 

X4  (mol) 

*5  (mol) 

*6  (mol) 

xj  (mol) 

*8  (mol) 

xg  (mol) 

*10  (mol) 

*11  (mol) 

i 

16 

7 

8 

4 

7 

8 

16 

4 

8 

16 

1.5 

24 

10.5 

12 

6 

10.5 

12 

24 

6 

12 

24 

2 

32 

14 

16 

8 

14 

16 

32 

8 

16 

32 

2.5 

40 

17.5 

20 

10 

17.5 

20 

40 

10 

20 

40 

3.0 

48 

21 

24 

12 

21 

24 

48 

12 

24 

48 

3.5 

56 

24.5 

28 

14 

24.5 

28 

56 

14 

28 

56 

4.0 

64 

28 

32 

16 

28 

32 

64 

16 

32 

64 

4.5 

72 

31.5 

36 

18 

31.5 

36 

72 

18 

36 

72 

5.0 

80 

35 

40 

20 

35 

40 

80 

20 

40 

80 

5.5 

88 

38.5 

44 

22 

38.5 

44 

88 

22 

44 

88 

6.0 

96 

42 

48 

24 

42 

48 

96 

24 

48 

96 

100  200  300  400  500  600  700  800  900  1000 

NaBH4  Production  (g) 

Fig.  3.  Variations  of  the  required  reactant  quantity  for  NaBH4  production  from 
NailUO?  decomposition  reaction. 

efficiency  and  considering  the  Na2B407  mole  quantities  chang¬ 
ing  from  1  to  6  mol,  201.22  g  Na2B407  (1  mol),  367.84  g  Na, 
420.63  Si02,  and  16.128  g  H2  are  needed  for  151.328  g  NaBH4 
production.  Similarly,  1207.32  g  Na2B40y  (6  mol),  2207.04  g 
Na,  2523.78  Si02,  and  96.768  g  H2  are  required  for  907.968  g 


Hydrogen  Production  (g) 


Fig.  4.  Variations  of  the  required  reactant  quantity  for  hydrogen  production  from 
NaBH4  decomposition  reaction. 

NaBHq  production.  Thus,  the  theoretical  production  ratio  of 
NaBH4  is  estimated  as  15.045%. 

Fig.  4  shows  the  variations  of  the  required  reactant  quantities 
in  chamber  2  for  hydrogen  production  from  NaBH4  decompo¬ 
sition.  We  basically  employ  Eqs.  (2)  and  (5)  to  estimate  the 


Fig.  5.  (a)  Variations  of  NaBH4  consumption  and  Hj  production  rates  as  a  function  of  reaction  temperatures  based  on  different  amounts  of  catalyst,  (b)  Variations 
of  Ht  production  rates  as  a  function  of  the  amount  of  catalyst  in  NaBH4  solution  based  on  reaction  temperatures. 
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Consumption  of  NaBH4  Solution  (g) 

Fig.  6.  Variations  of  the  reaction  time  in  NaBtL*.  solution  and  hydrogen  produc¬ 
tion  as  a  function  of  NaBFLt  solution  consumption. 

required  reactant  quantities  for  hydrogen  production  in  cham¬ 
ber  2.  We  note  that  the  NaBH4  mole  quantities  vary  from  4  to 
24  mol,  depending  on  the  mole  quantities  of  Na2B407  from  1 
to  6  mol.  Assuming  a  conversion  efficiency  of  100%,  151.328  g 
NaBH4  (4  mol  from  Eq.  (1))  and  1846.201  g  H20  are  required 
for  32.256  g  H2  production  through  Eqs.  (2)  and  (5).  Similarly, 
907.968  g  NaBH4  (24  mol)  and  1 1,077.21  g  H20  are  needed  for 
193.536  g  H2  production.  Thus,  the  production  ratio  of  H2  from 
NaBH4  solution  under  atmospheric  pressure  at  25-40  °C  is  esti¬ 
mated  as  1.615%. 

Fig.  5a  presents  the  variation  of  NaBH4  consumption  rate 
and  H2  production  rate  as  a  function  of  reaction  temperature 
depending  on  the  amounts  of  catalyst  while  Fig.  5b  exhibits 
the  variation  of  hydrogen  production  rates  with  the  amounts  of 
catalyst  based  on  the  reaction  temperatures  of  NaBH4  decom¬ 
position  reaction.  In  order  to  calculate  the  hydrogen  production 
and  NaBH4  consumption  rates  base  on  the  amounts  of  catalyst, 
the  reference  values  of  hydrogen  production  rate  per  g  cata¬ 
lyst  at  different  temperatures  of  NaBH4  decomposition  reaction 
were  taken  from  literature  [11].  As  shown  in  these  figures,  the 
NaBH4  consumption  rate  and  H2  production  rate  increase  with 
a  rise  of  reaction  temperature  and  the  amount  of  catalyst  used 
in  the  NaBFI4  solution  under  atmospheric  pressure.  For  exam¬ 
ple,  if  assuming  100%  conversion  efficiency,  it  is  estimated  that 
the  theoretical  H2  production  rate  and  NaBH4  consumption  rate 
are,  respectively,  0.040  gFI2  s-1  and0.186gNaBH4  s_1  for  75  g 
catalyst  at  25  °C.  However,  H2  production  rate  and  NaBH4  con¬ 
sumption  rate  are,  respectively,  found  to  be  0. 1 15  g  H2  s_1  and 
0.540  g  NaBH4  s_1  for  75  g  catalyst  at  40  °C. 

Fig.  6  presents  the  variations  of  the  reaction  time  in  NaBH4 
solution  and  hydrogen  production  quantity  as  a  function  of 
NaBH4  solution  consumption.  In  this  figure,  the  reaction  time  of 
NaBH4  decomposition  is  calculated  depending  on  the  reaction 
temperatures  and  the  amounts  of  catalyst  in  NaBH4  solution.  It 
is  considered  that  the  reaction  temperature  of  NaBH4  decompo¬ 
sition  and  the  amount  of  catalyst  in  NaBH4  solution  do  not  affect 
the  hydrogen  production  quantity  but  they  influence  the  hydro¬ 
gen  production  time  from  NaBH4  solution.  In  order  to  reduce  the 


hydrogen  production  time  from  NaBH4  solution,  it  is  considered 
that  different  amounts  of  catalyst  are  used  in  NaBH4  solution 
that  is  catalyzed  with  5%  Ru  supported  in  IRA-400  resin.  In 
this  case,  it  was  determined  that  32.256  g  of  hydrogen  would 
be  theoretically  produced  in  0.226  h  at  25  °C  and  in  0.0779  h 
at  40  °C  of  NaBH4  decomposition  reaction  using  75  g  catalyst, 
respectively.  In  addition,  193.536  g  of  hydrogen  would  be  theo¬ 
retically  obtained  in  1.358  h  at  25  °C  and  in  0.467  h  at  40  °C  of 
NaBH4  decomposition  reaction  using  75  g  catalyst,  respectively. 
Thus,  the  maximum  hydrogen  production  from  NaBH4  solu¬ 
tion  at  least  time  should  be  main  goal  in  practical  applications. 
Therefore,  it  is  suggested  that,  in  order  to  produce  193.536  g  of 
hydrogen  from  NaBH4  solution  in  0.467  h,  NaBH4  decomposi¬ 
tion  reaction  should  be  conducted  at  40  °C  using  75  g  catalyst. 

Fig.  7(a  and  b)  illustrate  the  variations  of  power  generation 
per  area  from  a  PEM  fuel  cell  (under  3  atm  and  80  °C)  and 
current  density  as  a  function  of  hydrogen  production  rate  per 
area  from  NaBH4  solution  depending  on  the  different  mem¬ 
brane  thicknesses.  According  to  Fig.  7(a  and  b),  the  maximum 
power  can  be  generated  from  a  PEM  fuel  cell  with  0.016  cm 
under  constant  operating  conditions  (3  atm  and  80  °C)  by  using 
hydrogen  quantities  from  75  g  catalyst  assisted  NaBH4  solution 
at  40  °C.  Assuming  100%  conversion  efficiency,  we  obtained  the 
hydrogen  production  rate  per  area  from  NaBH4  solution  at  40  °C 
under  atmospheric  pressure  to  be  3.834  x  1 0-5  gH2  s-1  cm-2 
for  75  g  catalyst.  Utilizing  80%  of  this  hydrogen  rate  in  a  PEM 
fuel  cell,  the  maximum  power  generation  is  estimated  to  be 
1.079  W cm-2.  The  value  of  current  density  is  found  to  be 
1.835  A  cm-2. 

Fig.  7(c  and  d)  present  the  variations  of  power  generation  per 
area  from  a  PEM  fuel  cell  (under  3  atm  and  0.018  cm)  and  cur¬ 
rent  density  as  a  function  of  hydrogen  production  rate  per  area 
from  NaBH4  solution  depending  on  the  different  cell  operating 
temperatures.  In  this  situation,  we  note  that  the  values  of  cur¬ 
rent  densities  are  same  as  those  given  earlier.  So,  such  outcomes 
will  not  be  repeated  for  Fig.  7(c-f).  Considering  Fig.  7(c  and  d), 
the  maximum  power  generation  can  be  conducted  from  a  PEM 
fuel  cell  that  is  operated  at  80  °C  under  constant  operating  pres¬ 
sure  and  membrane  thickness  (3  atm  and  0.018  cm)  by  using 
hydrogen  quantities  from  75  g  catalyst  assisted  NaBH4  solu¬ 
tion  at  40  °C.  Assuming  100%  conversion  efficiency,  if  80%  of 
3.834  x  10-5  g  H2  s_1  cm-2  for  75  g  catalyst  of  hydrogen  pro¬ 
duction  rate  from  NaBH4  solution  at  40  °C  is  used  by  the  PEM 
fuel  cell,  then  the  maximum  power  generation  per  area  will  be 
estimated  to  be  1 .024  W  cm-2  at  a  cell  temperature  of  80  °C. 

Fig.  7(e  and  f)  show  the  variations  of  power  generation 
per  area  from  a  PEM  fuel  cell  (under  80  °C  and  0.018  mem¬ 
brane  thickness)  and  current  density  as  a  function  of  hydrogen 
production  rate  per  area  from  NaBH4  solution  depending  on 
different  cell  operating  pressure.  In  these  figures,  the  maxi¬ 
mum  power  generation  can  be  obtained  from  a  PEM  fuel  cell 
that  is  operated  at  5  atm  under  constant  operating  tempera¬ 
ture  and  membrane  thickness  (80  °C  and  0.018  cm)  by  using 
hydrogen  quantities  from  75  g  catalyst  assisted  NaBH4  solu¬ 
tion  at  40  °C.  Assuming  100%  conversion  efficiency,  if  80%  of 
3.834  x  10“ 5  g  H2  s_1  cm-2  for  75  g  catalyst  of  hydrogen  pro¬ 
duction  rates  per  area  from  NaBH4  solution  at  40  °C  is  used  by 
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Hydrogen  Production  Rate  from  Per  Area  of  NaBH4  Solution  (g  H2  s^cm2) 


Hydrogen  Production  Rate  from  Per  Area  of  NaBH4  Solution  (g  H2  s^crrr2) 


Hydrogen  Production  Rate  from  Per  Area  of  NaBH4  Solution  (g  H2  s^cm'2) 


Fig.  7.  (a)  Variations  of  power  generation  per  area  from  PEM  fuel  cell  under  3  atm  at  80  °C  and  current  density  as  a  function  of  hydrogen  production  rate  per  area 
from  60  g  catalyst  assisted  NaBEU  solution,  (b)  Variations  of  power  generation  per  area  from  PEM  fuel  cell  under  3  atm  at  80  °C  and  current  density  as  a  function  of 
hydrogen  production  rate  per  area  from  75  g  catalyst  assisted  NaBH4  solution,  (c)  Variations  of  power  generation  per  area  from  PEM  fuel  cell  operating  under  3  atm 
at  different  cell  temperatures,  and  current  density  as  a  function  of  hydrogen  production  rate  per  area  from  60  g  catalyst  assisted  NaBH4  solution,  (d)  Variations  of 
power  generation  per  area  from  PEM  fuel  cell  operating  under  3  atm  at  different  cell  temperatures,  and  current  density  as  a  function  of  hydrogen  production  rate  per 
area  from  75  g  catalyst  assisted  NaBH4  solution,  (e)  Variations  of  power  generation  per  area  from  PEM  fuel  cell  operating  at  80  °C  under  different  cell  pressures, 
and  current  density  as  a  function  of  hydrogen  production  rate  per  area  from  60  g  catalyst  assisted  NaBFLi  solution,  (f)  Variations  of  power  generation  per  area  from 
PEM  fuel  cell  operating  at  80  °C  under  different  cell  pressures,  and  current  density  as  a  function  of  hydrogen  production  rate  per  area  from  75  g  catalyst  assisted 
NaBH4  solution. 
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Hydrogen  Production  Rate  from  Per  Area  of  NaBH4  Solution  (g  H2  s^crrr2) 

Fig.  8.  Maximum  power  generation  per  area  from  a  PEM  fuel  cell  at  5  atm  and 
80  °C  operating  conditions  by  using  hydrogen  production  rate  per  area  from  75  g 
catalyst  assisted  NaBFLj.  solution. 

a  PEM  fuel  cell  under  a  cell  pressure  of  5  atm,  the  maximum 
power  generation  per  area  is  obtained  to  be  1.085  W cm-2. 

In  light  of  the  above  discussion,  it  is  possible  to  determine 
the  best  conditions  at  which  the  maximum  hydrogen  produc¬ 
tion  rate  per  area  from  NaBkU  solution  and  the  maximum 
power  generation  per  area  from  a  PEM  fuel  cell  are  estimated 
depending  on  the  temperatures  of  NaBkLt  decomposition  reac¬ 
tion.  In  this  regard.  Fig.  8  is  presented  to  illustrate  the  max¬ 
imum  power  generation  per  area  as  a  function  of  hydrogen 
production  rate  per  area  from  NaBH4  solution  depending  on 
the  temperature  of  NaBtU  solution  and  membrane  thickness 
of  PEM  fuel  cell  at  5  atm  and  80  °C.  As  shown  in  Fig.  8,  the 
maximum  power  generation  per  area  from  PEM  fuel  cell  is 
estimated  for  different  membrane  thicknesses,  such  as  0.016, 
0.018,  and  0.02  cm  at  a  constant  pressure  of  5  atm  and  a  tem¬ 
perature  of  80  °C  of  a  PEM  fuel  cell  using  hydrogen  production 
rates  per  area  from  75  g  catalyst  assisted  NaBPE  solution.  If 
we  assume  100%  reaction  conversion  efficiency,  we  will  esti¬ 
mate  the  hydrogen  production  rate  per  area  from  75  g  catalyst 
assisted  NaBPLt  solution  at  40  °C  under  atmospheric  pressure 
to  be  3.834  x  10-5  g  H2  s_1  cm-2.  Utilizing  80%  of  this  hydro¬ 
gen  rates,  the  maximum  amounts  of  power  generation  per  area 
from  PEM  fuel  cell  at  80  °C  under  5  atm  will  be  estimated 
as  1.121  W cm-2  for  0.016cm,  1.085Wcm“2  for  0.018cm, 
and  1.031  W  cm-2,  respectively,  for  a  membrane  thickness 
of  0.020  cm. 

4.  Conclusion 

This  paper  presents  a  methodology  to  investigate  the  possibil¬ 
ity  of  hydrogen  production  from  sodium  borohydride  (NaBHU, 
which  is  synthesized  from  sodium  tetraborate  (NaTtUCU) 
decomposition,  for  power  generation  via  a  PEM  fuel  cell.  It 
is  concluded  that,  in  order  to  obtain  the  maximum  power  gener¬ 
ation  per  unit  area  from  a  PEM  fuel  cell,  the  cell  should  posses 
a  membrane  thickness  of  0.016  cm,  and  be  fed  with  hydrogen 


from  75  g  catalyst  assisted  NaBHa  solution  under  atmospheric 
pressure  at  40  °C,  and  operated  at  80  °C  under  5  atm.  In  addi¬ 
tion,  the  formation  of  hydrogen  atmosphere  throughout  sodium 
tetraborate  decomposition,  the  utilization  of  a  well  catalyzed 
sodium  borohydride  solution  and  the  reduction  of  the  cell  losses 
will  increase  the  power  generation  from  a  boron-hydrogen- 
PEM  fuel  cell  integration  system.  Therefore,  it  is  suggested 
that,  the  required  hydrogen  quantity  to  create  a  hydrogen  atmo¬ 
sphere  for  sodium  tetraborate  decomposition  should  be  supplied 
from  non-fossil  sources  such  as  solar,  hydraulic,  biomass,  etc. 
Also,  the  catalyst  quantity  and  reaction  temperature  in  and  of 
NaBtL)  solution  under  atmospheric  pressure  should  be  cho¬ 
sen  depending  on  the  hydrogen  quantity  required  for  a  PEM 
fuel  cell  under  optimum  operating  conditions.  Accordingly,  it 
is  expected  that  this  study  will  contribute  the  scientists  and 
researchers  to  develop  a  methodology  to  produce  hydrogen 
from  boron  compounds  for  practical  clean  power  generation, 
and  also  to  encourage  particularly  use  of  the  boron-hydrogen- 
PEM  fuel  cell  integration  systems  for  future  applications,  and 
finally  to  increase  the  motivation  on  boron  compounds  and  PEM 
fuel  cells  for  clean  energy  supply  and  progress  all  over  the 
world. 

Acknowledgements 

The  authors  acknowledge  the  support  provided  by  Nigde 
University  in  Turkey,  and  University  of  Ontario  Institute  of 
Technology  and  the  Natural  Sciences  and  Engineering  Research 
Council  of  Canada  in  Canada.  The  authors  also  appreciate  the 
efforts  of  the  editor,  Dr.  Bruno  Scrosati  for  getting  the  paper 
reviewed  by  the  expert  referees  and  the  constructive  comments 
of  the  referees  which  help  improve  the  paper  considerably. 

References 

[11  Z.P.  Li,  N.  Morigazaki,  B.H.  Liu,  S.  Suda,  J.  Alloys  Compd.  349  (2003) 
232-236. 

[2]  S.C.  Amendola,  S.L.  Sharp-Goldman,  M.S.  Janjua,  M.T.  Kelly,  P.J. 
Petillo,  M.  Binder,  J.  Power  Sources  85  (2000)  186-189. 

[3]  Y.  Kojima,  K.  Suzuki,  K.  Fukumoto,  Y.  Kawai,  M.  Kimbara,  H.  Nakan- 
ishi,  S.  Matsumoto,  J.  Power  Sources  125  (2004)  22—26. 

[4]  C.M.  Kaufman,  B.  Sen,  J.  Chem.  Soc.,  Dalton  Trans.  307  (1985)  (cited 
in  Ref.  2). 

[5]  A.  Levy,  J.B.  Brown,  C.J.  Lyons,  Ind.  Eng.  Chem.  52  (1960)  211  (cited 
in  Ref.  2). 

[6]  H.C.  Brown.  C.A.  Brown,  J.  Am.  Chem.  Soc.  84  (1962)  1493  (cited  in 
Ref.  2). 

[7]  R.  Aiello,  A.  Matthews,  D.L.  Reger,  J.E.  Collins,  Int.  J.  Hydrogen 
Energy  23  (12) (1998)  1103-1108. 

[8]  R.  Aiello,  J.H.  Sharp,  M.A.  Matthews,  Int.  J.  Hydrogen  Energy  24 
(1999)  1123-1130. 

[9]  S.  Amendola,  P.  Onnerud,  M.  Kelly,  P.  Petillo,  S.  Sharp-Goldman,  M. 
Binder,  J.  Power  Sources  84  (1)  (1999)  130-133. 

[10]  V.C.Y.  Kong,  F.R.  Foulkes,  D.W.  Kirk,  J.T.  Hinatsu,  Int.  J.  Hydrogen 
Energy  24  (1999)  665-675. 

[11]  S.C.  Amendola,  S.L.  Sharp-Goldman,  M.S.  Janjua,  N.C.  Spencer,  M.T. 
Kelly,  P.J.  Petillo,  M.  Binder,  Int.  J.  Hydrogen  Energy  25  (2000) 
969-975. 

[12]  Y.  Kojima,  T.  Haga,  Int.  J.  Hydrogen  Energy  28  (2003)  989. 

[13]  Z.P.  Li,  B.H.  Liu.  K.  Arai,  K.  Asaba,  S.  Suda,  J.  Power  Sources  126 
(2004)  28-33. 


M.  Ay  et  al.  /  Journal  of  Power  Sources  157  (2006)  104-113 


113 


[14]  P.  Krishnan,  T.H.  Yang,  W.Y.  Lee,  C.S.  Kim,  J.  Power  Sources  143 
(2005)  17-23. 

[15]  W.Y.  Lee,  G.G.  Park,  T.H.  Yang,  Y.G.  Yoon,  C.S.  Kim,  Int.  J.  Hydrogen 
Energy  29  (2004)  961-966. 

[16]  R.  Cownden,  M.  Nahon,  M.A.  Rosen,  Exergy  Int.  J.  1  (2)  (2001) 
112-121. 

[17]  I.  Dincer,  Int.  J.  Hydrogen  Energy  27  (2002)  265-285. 

[18]  F.  Schubert,  K.  Lang,  W.  Schabacher,  A.  Burger,  US  Patent  No.  3077376, 
1963  (cited  in  Ref.  1). 

[19]  H.I.  Schlesinger,  H.C.  Brown,  A.E.  Finholt,  J.R.  Gilbreath,  H.R. 
Hoekstra,  E.K.  Hyde,  J.  Am.  Chem.  Soc.  75  (1953)  215  (cited  in  Refs. 
2  and  3). 


[20]  J.C.  Amphlett,  R.M.  Baumert,  R.F.  Mann,  B.A.  Peppley,  P.R.  Roberge, 
J.  Electrochem.  Soc.  142  (1)  (1995)  9-15. 

[21]  R.F.  Mann,  J.C.  Amphlett,  M.A.I.  Hooper,  H.M.  Jensen,  B.A.  Peppley, 
P.R.  Roberge,  J.  Power  Sources  86  (2000)  173-180. 

[22]  F.  Barbir,  T.  Gomez,  Int.  J.  Hydrogen  Energy  22  (10/11)  (1997) 
1027-1037. 

[23]  J.T.  Pukrushpan,  A.G.  Stefanopoulou,  H.  Peng,  American  Control  Con¬ 
ference,  TP09-2,  2002. 

[24]  T.  Berning,  Ph.D.  Thesis,  University  of  Victoria,  Canada,  2002. 

[25]  T.A.  Zawodzinski,  T.E.  Springer,  S.  Gottesfeld,  J.  Electrochem.  Soc.  138 
(8)  (1991)  2334-2342. 

[26]  C.  Marr,  X.  Li,  J.  Power  Sources  77  (1999)  17-27. 


